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We present a detailed study of the Ti 3d carriers at the interface of LaAlO3/SrTiO3 heterostruc-
tures by high-resolution resonant inelastic soft x-ray scattering (RIXS), with special focus on the
roles of overlayer thickness and oxygen vacancies. Our measurements show the existence of inter-
facial Ti 3d electrons already below the critical thickness for conductivity and an increase of the
total interface charge up to a LaAlO3 overlayer thickness of 6 unit cells before it saturates. By
comparing stoichiometric and oxygen deficient samples we observe strong Ti 3d charge carrier dop-
ing by oxygen vacancies. The RIXS data combined with photoelectron spectroscopy and transport
measurements indicate the simultaneous presence of localized and itinerant charge carriers. How-
ever, it is demonstrated that the relative amount of localized and itinerant Ti 3d electrons in the
ground state cannot be deduced from the relative intensities of the Raman and fluorescence peaks in
excitation energy dependent RIXS measurements, in contrast to previous interpretations. Rather,
we attribute the observation of either the Raman or the fluorescence signal to the spatial extension
of the intermediate state reached in the RIXS excitation process.
PACS numbers: 78.70.Ck, 73.20.-r, 73.40.-c
I. INTRODUCTION
Complex transition metal oxides exhibit a broad spec-
trum of intrinsic functionalities such as high temperature
superconductivity, colossal magnetoresistance, ferroelec-
tricity etc. Artificial layered oxide structures made from
such materials may even host novel phases not existing
in the individual constituents. A prominent example is
the formation of a high-mobility two-dimensional elec-
tron system (2DES) at the interface between the po-
lar LaAlO3 (LAO) and the TiO2-terminated non-polar
SrTiO3 (STO), if the LAO film thickness exceeds three
unit cells (uc).1,2 The 2DES is formed by Ti 3d electrons
on the STO side of the interface3 and a number of fas-
cinating properties are reported: it can be controlled by
electric field gating,4 becomes superconducting below 300
mK,5 and – most strikingly – can simultaneously display
ferromagnetism6–8, most likely related to the local mo-
ments of 3d electrons trapped by oxygen vacancies.9–12
While the exact mechanism for 2DES formation is still
under debate, there seems to be a wide consensus that
the polar discontinuity at the LAO/STO interface plays
a central role. A commonly discussed scenario is the elec-
tronic reconstruction,13 in which electronic charge is ef-
fectively transferred from the surface to the interface at
the critical LAO film thickness in order to compensate
the electrostatic potential build-up in the LAO. Thus in-
duced extra electrons are confined to the interface, popu-
lating the otherwise empty Ti 3d states.3 However, cation
defects14 and oxygen vacancies15,16 have also been sug-
gested to be the possible origin of the 2DES. Oxygen va-
cancies are known to act as electron donors in STO, and
oxygen vacancy induced conductivity extending deeply
into the substrate has indeed been observed for sam-
ples grown under low oxygen pressures.17 Nonetheless,
for heterostructures grown under higher oxygen pres-
sures and/or post-oxidized samples the conductivity re-
mains finite and confined to the interface region.3,18 De-
spite many extensive studies several crucial issues have
remained unsolved. For instance, there are serious ques-
tions concerning the charge carrier dichotomy responsible
for the coexistence of superconductivity and ferromag-
netism and the electronic structure of samples below the
critical thickness.
Such heterointerfacial materials pose an exciting tech-
nical challenge to x-ray and electron spectroscopies since
their use is only feasible if a specific interfacial contrast
and a large enough probing depth can be accomplished at
the same time. So far photoelectron spectroscopy in the
soft and hard x-ray regime has been successfully applied
to various oxide heterostructures.3,19–21 However, the
need of sufficiently conductive samples to avoid charging
and the limited probing depth preventing measurements
on samples with overlayer thicknesses exceeding 10 uc
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2are major disadvantages of the photoemission technique.
Resonant inelastic x-ray scattering (RIXS) is appropriate
to overcome these problems. As a photon-in/photon-out
method it is bulk-sensitive and does not require intense
efforts to prepare an atomically clean sample surface. In
addition, it allows the measurement of highly insulat-
ing samples. Previous studies have established that the
RIXS intensity measured at the Ti L (2p) edge provides
valuable information on the total amount of interfacial
Ti 3d electrons in LAO/STO heterostructures.22,23 In-
terestingly, the charge carrier concentrations determined
by these early RIXS experiments – combined with data
from hard x-ray photoelectron spectroscopy (HAXPES) –
were found to be significantly higher than those measured
by Hall effect.22 This observation has been attributed
to the coexistence of itinerant and localized Ti 3d elec-
trons, which contribute both to the spectroscopic signals
in RIXS and HAXPES whereas Hall measurements are
only sensitive to the mobile species.22 In their study of
LAO/STO superlattices Zhou et al. argued that the Ra-
man and incoherent fluorescence signals in excitation en-
ergy dependent RIXS can be used to distinguish between
localized and delocalized Ti 3d carriers in the ground
state.23
In this paper, we present the results of a detailed high
resolution RIXS study of high quality LAO/STO het-
erostructures, probed with systematically varying pho-
ton energies. In agreement with the earlier superlat-
tice results23 we observe two prominent RIXS peaks in-
volving the interfacial Ti 3d electrons, a localized dd-
excitation staying at a constant energy loss of around
2.3 eV (Raman-signal) and a fluorescence signal being al-
most independent of excitation energy. To further elu-
cidate the origin of these two RIXS features we ana-
lyze their behavior as function of film thickness and oxy-
gen stoichiometry together with complementary HAX-
PES and Hall-effect data. Importantly, we find that the
Raman vs. fluorescence character of the RIXS peaks re-
flects the different degree of localization of the intermedi-
ate state in the RIXS process but not that of the initial
state. We are thus led to conclude that RIXS cannot
directly distinguish localized from itinerant Ti 3d car-
riers in STO-based heterostructures, contrary to earlier
suggestions.23
II. EXPERIMENT
A series of LAO/STO heterostructures with LAO over-
layer thicknesses from 2 to 20 uc were grown by pulsed
laser deposition (PLD) on TiO2-terminated STO(001)
substrates. Laser ablation of the single crystalline LAO
target was achieved with a KrF excimer laser at a flu-
ency of 1.1 J/cm2 and a target-substrate distance of
56 mm. During the film growth the STO substrate
was heated up to 780◦C and the oxygen partial pres-
sure was set to 1 x 10−3 mbar. In order to suppress un-
wanted oxygen vacancies some samples were treated by
(a)																																									(b)
FIG. 1. (a) Sketch of the experimental geometry for XAS and
RIXS measurements. Samples were aligned with the sample
normal (001) in the scattering plane. The incident angle of
the photons was set to 20◦ from the sample surface while the
scattering angle was always kept at 90◦. The polarization
vector of the incoming light was set to be within the scatter-
ing plane (p-polarization). (b) X-ray absorption spectrum at
the Ti L3 (Ti 2p3/2) edge of a 6 uc LAO/STO heterostruc-
ture measured in total electron yield mode. The used photon
energies for RIXS measurements are marked by labels a-o.
(c-e) Basic principle of the RIXS process using photons tuned
to, e.g., the eg-resonance. Blue electron is assigned to the
electron taking part in the deexcitation process (c) No inelas-
tic signal is observable for Ti ions in a Ti 3d0 configuration
(Ti4+). (d-e) An additional decay channel is possible for Ti
ions in a Ti 3d1 configuration (Ti 3+), ending in an excited
state with an electron in the eg-manifold, and observable as
an energy loss peak in the RIXS spectra.
a post-oxidation (PO) procedure immediately after the
growth (stepwise cooling down from growth tempera-
ture to 360◦C in a high oxygen pressure of 500 mbar
over a period of 2 hours). Additional samples with
a film thickness of 6 uc and intentionally reduced oxy-
gen stoichiometry were grown by skipping the post-
growth oxidation step (medium pressure growth = MP).
To achieve even higher oxygen vacancy concentrations
the oxygen partial pressure during the growth was re-
duced down to 5 x 10−7 mbar for other samples (low pres-
sure growth = LP). Reference measurements were per-
formed on commercially available bare STO crystals.
The RIXS and x-ray absorption (XAS) measurements
were performed at BL07LSU of SPring-8. A detailed de-
scription of the experimental setup can be found in Ref.
24. All measurements were carried out at room temper-
ature. The experimental geometry for both, RIXS and
XAS, is depicted in Fig. 1 (a). The angle of x-ray inci-
dence was kept at 20◦ with respect to the sample surface
while the scattering angle was always set to 90◦ with re-
spect to the incoming beam. The x-ray polarization was
3chosen to lie within the scattering plane (p-polarization).
By fitting the elastic line of bare STO with a Gaussian
the energy resolution was determined to be ≈ 90 meV. In
order to reduce photon-induced oxygen depletion25 the
photon spot (∼ 2µm × 90µm) was moved across the
sample surface by 10µm every 30 minutes. No signif-
icant changes were observed in the spectra within this
timescale.
A Ti L3 edge XAS spectrum of a PO sample with
an overlayer thickness of 6 uc measured in total electron
yield mode is shown in Fig. 1 (b). The photon energies
selected for the RIXS measurements are marked by labels
a to o. The two peaks centered at energies a and k reflect
the cubic crystal-field splitting of the Ti 3d states in the
STO substrate and are assigned to transitions from the
Ti 2p core level into the 3dt2g and 3deg states, respec-
tively.
RIXS is a two-step process involving a photoexcitation
of a core electron into unoccupied conduction band states
and a subsequent decay of the excited state by emitting
an x-ray photon. At the Ti L edge, after the excitation of
an electron from the Ti 2p to the Ti 3d shell, different ra-
diative decay channels become possible resulting in final
states with different electronic configurations. The emit-
ted photon can be elastically scattered where the final
state is the same as the original ground state [Figs. 1(c)
and (d)]. Alternatively, an inelastic signal is observed
when the system remains in an excited final state with,
e.g., one electron in an eg-state and no electron in the
t2g manifold as depicted in Fig. 1(e). However, the latter
process can only occur, if there is already one d-electron
in the initial state. Consequently, such a Raman signal
is a measure of the finite 3d electron occupation as has
already been shown for other titanates26,27 and also for
LAO/STO heterostructures22 and superlattices.23
Complementary photoemission experiments have been
performed at the HAXPES endstation of beamline P09 at
PETRA III (DESY, Hamburg), equipped with a SPECS
Phoibos 220 spectrometer. At the used photon energy
of 3.5 keV an overall energy resolution of 450 meV was
realized. A detailed description of the beamline can be
found in Ref. 28.
III. RESULTS
A. Excitation energy dependence
A series of RIXS spectra of a bare STO substrate as
well as a post-oxidized LAO/STO heterostructure with a
6 uc thick film, recorded at photon energies across the Ti
L edge and normalized to acquisition time, is displayed
in Figs. 2 (a) and (b), respectively. The labels a-o cor-
respond to the excitation photon energies marked in the
absorption spectrum of Fig. 1 (b). For the bare STO
sample the final state can be either 2p63d0 or 2p63d1L
with L denoting a hole in the ligand O 2p shell. Be-
side the elastic line and the onset of the 3d1L charge
transfer excitations at an energy loss of ≈ 3.5 eV [the full
energy range from 3.5 to 18.0 eV energy loss is depicted
in Figs. 3 (a) and 4 (a)], no clear additional signal can be
discerned throughout the photon energy series as shown
in Fig. 2 (a). In LAO/STO samples above the critical
thickness the ground state is partially of type 2p63d1t2g
due to the extra electrons in the 3d shell at the conduct-
ing interface. This results in an additional contribution
(a)																																		(b)
FIG. 2. Series of RIXS spectra. The labels a-l and a-o in
(a) and (b) correspond to the excitation energies marked in
the XAS spectrum in Fig. 1 (b). (a) Series of RIXS spectra
of a bare STO sample excited across the Ti L edge. The
spectra are normalized by acquisition time. (b) Series of RIXS
spectra of a 6 uc LAO/STO heterostructure excited across
the Ti L edge. The spectra are normalized by acquisition
time. The black and orange dashed line are guides to the
eye showing the Raman- and the fluorescence-like spectral
features, respectively.
to the RIXS spectra depending on the used excitation en-
ergy. In the case of the t2g resonance (label a) the excited
intermediate state will have the configuration 2p53d2t2g .
Two different final states are possible either contribut-
ing to the elastic line (2p63d1t2g ) or to the charge transfer
excitations with an energy loss above 3.5 eV as seen in
Figs. 3 (a) and 4 (a) and represented by 2p63d2t2gL).
Increasing the incoming photon energy to the eg-
resonance (label k), 2p5t12ge
1
g intermediate states can re-
sult via an additional decay channel in excited final states
of the type 2p63d1eg [see Fig. 1(e)]. Thus, an inelas-
tic signal due to intra-atomic dd-excitations from t2g to
eg states becomes visible at an energy loss of around
2.3 eV, providing spectroscopic sensitivity to the inter-
facial Ti 3d carriers [Fig. 2 (b)]. When changing the
excitation energy from the t2g- towards the eg-resonance
we can identify two different types of signals overlapping
near the eg-resonance. While one signal shows a con-
stant Raman-shift of approximately 2.3 eV, the second
signal shows fluorescence-like behavior with its energy
position being almost independent of the incident pho-
4ton energy. Similar results have already been obtained
by performing excitation energy dependent RIXS on
LAO/STO superlattices23 and other oxides like BaTiO3
and BaSO4.
29 In the case of the superlattices, the au-
thors attributed the observation of a Raman-signal to
localized charge carriers in the initial state whereas the
fluorescence-like signal was assigned to delocalized elec-
trons in the system.23 Contrary to this interpretation,
the authors of Ref. 29 assign the observation of Raman-
scattering in BaTiO3 and BaSO4 to a process where
the excited electron is promoted to an unoccupied state
and remains localized at the same atomic site on the
timescale of the deexcitation, while the appearance of
a fluorescence-like signal is ascribed to the more delocal-
ized character of the state reached by the excited electron
in the intermediate state. Thus further detailed exper-
iments are required to clarify the origin of the features
seen in the RIXS spetcra of LAO/STO.
B. Thickness dependence
To further elucidate the nature of the two RIXS fea-
tures, we performed detailed RIXS measurements at the
eg-resonance on post-oxidized (PO) samples with over-
layer thicknesses between 2 and 20 uc as well as on bare
STO as reference. The results obtained for this series
are displayed in Figs. 3 (a) and (b) showing a strong
dependence on the LAO thickness. The data are nor-
malized to the intensity of the 3d1L charge transfer ex-
citations with energy losses above 3.5 eV which originate
mainly from the STO substrate and therefore should be
essentially constant for the whole set of samples. To fur-
ther analyze the spectra, the RIXS signals at a loss en-
ergy of about 2.3 eV (see Fig. 3 (b)) have been fitted
by Gaussians and the obtained intensities plotted as a
function of overlayer thickness in Fig. 3 (c). The ab-
sence of any inelastic intensity for bare STO and the
subcritical 2 uc sample shows the lack of Ti sites with
3d1-configuration (i.e., with extra electrons in the d-shell
in the initial state). Although the photon-induced gener-
ation of oxygen vacancies, i.e., extrinsic electron doping,
is minimized by moving the sample continuously during
the measurements, spectral weight is clearly visible for
the insulating 3 uc sample. Since we do not observe any
RIXS signal for the insulating 2 uc sample we consider
the observation of an inelastic signal for 3 - 20 uc samples
intrinsic to the measured heterostructure. Discrepancies
between the present and previous RIXS measurements,
which do show finite inelastic spectral weight for the in-
sulating 2 uc heterostructure, likely can be attributed to
a small amount of oxygen vacancies. These are caused
by the intense synchrotron radiation and become observ-
able if the same sample spot is constantly exposed to the
beam as in the previous study22.
The RIXS intensity for the insulating 3 uc sample in
the present experiment (see Fig. 3 (b)) can be explained
by the presence of localized electrons that are not due
(a)																																		(b)	
										(c)																				
FIG. 3. (a) RIXS spectra measured at the eg-resonance of a
bare STO sample and LAO/STO heterostructures with var-
ious overlayer thickness. The spectra have been normalized
to the 3d1L charge transfer excitations. (b) Low energy loss
region of the RIXS spectra in Fig. 3 (a). (c) Spectral weight
of the loss structure around 2.3 eV in Figs. 3 (a) and (b) from
a fitting analysis plotted against the film thickness.
to oxygen vacancy doping. This is in line with photoe-
mission spectroscopy measurements showing indications
for an incipient insulator-metal transition, as signalled by
the appearance of Ti 3d carriers before interface conduc-
tivity is observed.30 Results of x-ray absorption for an
insulating 2 uc sample that reveal an orbital reconstruc-
tion attributable to interface symmetry breaking and the
transfer of localized electrons to interface states, support
this scenario.31 Our findings are also in line with the crit-
ical thickness of 3 uc for ferromagnetism — probably due
to the existence of local Ti 3d moments — observed by
Kalisky et al. in overlayer thickness dependent scanning
SQUID measurements.8
The observed RIXS intensity increases continuously
with LAO film thickness and saturates at a thickness of
6 uc. In contrast, the mobile charge carrier concentration
obtained from Hall measurements shows a sharp step-like
behavior at an overlayer thickness of 4 uc2. This discrep-
ancy has been attributed in previous experimental and
theoretical studies to the presence of delocalized and lo-
calized charge carriers where the latter are not observed
5in transport.2,9,22,32
Since the inelastic signal at the eg-resonance is a su-
perposition of two different features as can be recog-
nized from Fig. 2 (b), we focus in the following on mea-
surements using an excitation energy 1 eV below the eg-
resonance (label f), where the Raman- and fluorescence-
like components are well separated. The spectra recorded
under this condition are depicted in Fig. 4 (a) and (b)
for the full set of samples. As selectively shown for the
6 uc sample in Fig. 4 (c), the spectrum in this region
contains seven components including the contribution of
the charge transfer excitations at energies higher than
3.5 eV. In addition to the elastic line at zero loss en-
ergy the fluorescence-like component (green shaded) at
1.45 eV and four distinct dd-excitations (purple shaded)
can be distinguished owing to the high energy resolu-
tion. The latter observation indicates the complete lift-
ing of the Ti 3d degeneracy. By careful fitting of the
data with Gaussian line shapes, the energies of the dd-
transitions on the Ti3+ ions are determined to be 0.17,
0.61, 2.38, and 2.88 eV with an accuracy of ± 0.10 eV.
In a one-particle picture, from these excitation energies
the energy separation of the lowest and the highest t2g-
orbital can be estimated as (0.60± 0.10) eV and the eg-
splitting as (0.50± 0.10) eV. These values significantly
exceed those determined from x-ray absorption for the
interface Ti4+-ions.33 RIXS measurements of dd excita-
tion energies on LAO/STO superlattices, again represen-
tative for the (distorted) Ti3+O6 octahedra at the inter-
face, yield values for these energy splittings comparable
to ours23. The larger values, i.e., the larger crystal-field
strength as compared with Ti4+O6 octahedra, were at-
tributed in this study to an enhanced Coulomb repulsion
and covalency between Ti 3d and O 2p states due to the
extra occupation with Ti 3d electrons.23
For a quantitative analysis of the intensities of the in-
elastic signals and their ratios, the spectra of the whole
series of samples have been fitted taking seven Gaussian
profiles into account as already explained in Fig. 4 (c).
Four represent the crystal-field split dd-excitations, one
the fluorescence-like feature, and another one the elastic
line. The last one models the increasing slope of the 3d1L
charge transfer excitations setting in at an energy loss of
3.5 eV. The total Raman intensity and the intensity of
the fluorescence peak are plotted as a function of film
thickness in Fig. 4 (d). As all four dd-excitations display
the same dependence on LAO thickness within experi-
mental accuracy their intensities have been summed up
for clarity and better statistics.
Except for little spectral weight which we ascribe to
radiation induced oxygen vacancies, no RIXS intensity
is visible for bare STO and the 2 uc LAO/STO sam-
ple within the accuracy of our experiment. The total
RIXS spectral weight increases for larger overlayer thick-
nesses and saturates for a film thickness larger than 6 uc.
Thereby, the intensity ratio of the fluorescence-like signal
and the dd-excitations stays essentially constant. The
parallel rise in intensity of both signals up to 6 uc in
(a)																																		(b)	
(c)																																		(d)	
FIG. 4. (a) RIXS spectra of bare STO and LAO/STO het-
erostructures with varying LAO overlayer thickness measured
1 eV below the eg-resonance. The spectra have been normal-
ized to the 3d1L charge transfer excitations. (b) Close-up
of the region marked by the rectangle in Fig. 4 (a). (c)
Fit analysis of the off-resonance RIXS spectra of the 6 uc
LAO/STO sample using 7 Gaussian peaks. (d) Inelastic spec-
tral weight of the dd-excitations and the fluorescence-like fea-
ture obtained from the fitting of the RIXS spectra in Fig. 4 (a)
and (b) plotted as function of LAO overlayer thickness.
contrast to the step-like increase of the mobile charge
carrier concentration at 4 uc as observed in Hall mea-
surements invalidates the attribution of either of the two
observed features to delocalized ground state electrons in
LAO/STO heterostructures. Also the finite Raman- and
fluorescence-like spectral weight for the non-conducting
3 uc sample contradicts such an interpretation. Further-
more, since both structures show essentially the same
dependence on film thickness they rather seem to reflect
the total charge carrier concentration, including contri-
butions by photogenerated charge carriers, as has been
pointed out before for RIXS measurements on the eg-
resonance where Raman and fluorescence peak overlap.22
C. Influence of oxygen vacancies: electron doping
Since oxygen vacancies act as electron donors we also
studied 6 uc samples with an intentionally higher amount
of oxygen vacancies to further clarify the origin and char-
6acter of the two observed RIXS excitations. In Fig. 5 (a)
the RIXS data — normalized to 3d1L charge transfer ex-
citations above 3.5 eV (not shown) — show the increase
of the RIXS spectral weight as a function of oxygen va-
cancy concentration. As obtained from a fitting proce-
dure equivalent to the one used for the thickness depen-
dent series of spectra in Fig. 4 (c), the fluorescence-like
component and the integrated spectral weight of the dd-
excitations rise in the same proportion with the amount
of oxygen vacancies [see Fig. 5 (b)]. Since both inelastic
features are present in the spectrum for the fully oxi-
dized sample (PO) neither component can be directly
correlated to the amount of oxygen vacancies.
Figure 5 (c) shows corresponding HAXPES Ti 2p core-
level spectra normalized to the overall integrated inten-
sity. Beside a strong Ti 2p3/2 peak due to emission from
Ti4+ ions mainly in the STO bulk, a chemically shifted
contribution from Ti3+-ions at the interface is visible at
smaller binding energies. This signal is a measure for
the extra electrons occupying the otherwise empty Ti 3d
states and therefore reflects the total amount of charge
carriers in the system.3 By increasing the amount of oxy-
gen vacancies a strong increase in the total amount of
charge carriers is observed in HAXPES represented by
the increase of the Ti3+ contribution in the Ti 2p spec-
trum as shown in the inset of Fig. 5 (c).
Figure 5 (d) displays the total RIXS intensity (sum
of the integrated weights of the dd-excitations and
fluorescence-like features) and the Ti3+/Ti4+ ratio ob-
tained from the fitting of the Ti 2p core-level HAX-
PES spectra of the three samples. After normalizing
the RIXS to the HAXPES data by minimizing the root-
mean square deviation of the three data points similar
to Ref. 22, both spectroscopic techniques display qual-
itative agreement within experimental accuracy. These
results suggest that the total RIXS intensity also reflects
the total sheet carrier density as the Ti3+ contribution
in HAXPES.
According to Ref. 34, an oxygen vacancy in STO in-
duces a localized level of mainly Ti 3d character that can
trap one electron, while the second electron becomes itin-
erant since double occupancy is forbidden by the strong
onsite Coulomb interaction. As both RIXS components,
dd excitations and fluorescence, increase in parallel upon
doping [see Fig. 5 (b)] one could be misled to assume that
one signal originates from localized charge carriers (dd-
excitations), while the other feature reflects delocalized
electrons (fluorescence) which would fit to this 1:1 doping
rule. However, we have already ruled out this scenario
for the reasons explained above.
As can be seen from resistivity measurements [see
Fig. 5 (e)] the effect of oxygen vacancies on the trans-
port properties seems to be considerably smaller when
skipping the post growth oxidation procedure (compare
PO to MP data) than the effect of reducing the oxygen
growth pressure (compare MP to LP data) for our sam-
ples. Since the charge carrier mobility at room temper-
ature is essentially constant, it is thus a good measure
for the charge carrier concentration that is determined
to be 4.6 x 1013 cm−2 for the PO, 2.4 x 1014 cm−2 for the
MP, and 6.25 x 1016 cm−2 for the LP sample. Note that a
strong increase of the mobile charge carrier concentration
is observed for the LP sample since the conducting region
is not confined to the interface anymore but comprises
the bulk substrate. If we stick to the 1:1 doping rule and
assume that we can attribute the two types of RIXS fea-
tures, dd excitations and fluorescence, to localized and
mobile charge carriers in the initial state, respectively,
the intensity increase of both RIXS components should
be significantly stronger between the MP and LP sam-
ples than between the PO and MP samples as expected
from the results in Fig. 5 (e). However, this expectation
is not confirmed by our RIXS data in Figs. 5 (a) and (b).
Furthermore, the evolution of the total Ti 3d charge
carrier concentration obtained from HAXPES and the
trend for the mobile charge carriers from resistivity mea-
surements actually suggest that for larger oxygen vacancy
concentrations the 1:1 doping rule is no longer valid. This
deviation could be explained by the clustering of oxygen
vacancies which alters the ratio of localized and delocal-
ized charge carriers as suggested by density functional
theory calculations.35 and should result in a change of
the ratio of Raman- and fluorescence-like signal. Again
this is not seen in our RIXS data [Figs. 5 (a) and (b)]
requires a new interpretation.
IV. DISCUSSION
The different behavior of the two components in RIXS
of LAO/STO heterostructures upon varying the photon
energy across the Ti-L edge point at a different origin of
these features. One signal can be ascribed to a Raman
process giving rise to a constant energy loss, while the
other feature shifts linearly with excitation energy and
hence is due to a fluorescence-like channel. A previous
assignment of these two features to localized and itin-
erant Ti 3d charge carriers is clearly disproven by our
present data. The observation of both RIXS components
for the insulating 3 uc sample and the saturation of both
features at an overlayer thickness of 6 uc as well as the
inconsistent increase of the Raman- and fluorescence-like
intensities compared with the results of transport and
HAXPES data upon oxygen vacancy doping call for a
different interpretation.
To form such an alternative view it is helpful to anal-
yse the nature of the possible intermediate states in the
RIXS experiment after the initial photoexcitation of a
core electron into the Ti 3d shell (see Fig. 6). Two type of
intermediate states may result. Firstly, the intermediate
state can be of the type 2p53d1t2g3d
1eg [see Fig. 6 (a)].
In this case, both Ti 3d electrons stay localized at the
same atomic site. By deexcitation of one 3d electron,
the core hole created in the intial absorption is filled up
again under emission of a photon. The energy difference
between incoming and emitted photon reflects the asso-
7	(a)																																												(b)
(c)																																																					
																																																	(d)
																									(e)																								
FIG. 5. (a) Series of RIXS spectra for samples with varying
oxygen vacancy concentrations normalized to the 3d1L emis-
sion. PO, MP, and LP refer to post-growth oxygen annealing,
growth in medium and in low oxygen pressure (see section II).
(b) Intensities of the dd-excitations and fluorescence-like sig-
nals normalized to the intensity of the PO sample obtained by
fitting of the RIXS spectra. Both increase in parallel with the
oxygen vacancy concentration. Intensities without normaliza-
tion are shown in the inset. (c) HAXPES Ti 2p spectra for
the PO, MP, and LP samples at an emission angle of 35◦
off normal emission. (d) Comparison of the Ti3+/Ti4+ ratio
obtained from fitting the Ti 2p spectra and the total RIXS in-
tensity (sum of dd-excitations and fluorescence-like feature).
RIXS data points have been normalized by minimizing the
root-mean square deviation to the Ti3+/Ti4+ ratio of the
three samples. (e) Temperature dependent sheet resistance
of the PO, MP, and LP samples.
ciated, electronic dd-excitation between the 3d t2g- and
the eg-orbitals and appears in the RIXS spectra as a peak
at finite loss energy with respect to the elastic line. In
this case, the energy loss is independent of the incoming
photon energy.
Secondly, assuming that one Ti 3d electron gets de-
localized following the photoexcitation, the intermediate
state is of the type 2p53d1t2gL
∗ with L∗ denoting an or-
bital of a neighboring ligand atom with an extra electron
	(a)																																													(b)																												
FIG. 6. Schematic drawing of two possible RIXS processes
with different intermediate states. (a) The excited electron
stays localized in the eg states. After the decay process the
final state is 3d1eg (dd-excitation, Raman-signal). (b) The ex-
cited electron gets immediately delocalized which results in a
situation similar to x-ray fluorescence. Here, the final state
is 3d0 (fluorescence-like-signal). Our results can be explained
by a superposition of these two different channels in the in-
termediate state, α|2p53d2>+β|2p53d1L∗>.
[see Fig. 6 (b)]. The probability for this intermediate
state is the higher, the more strongly the O 2p ligand
orbitals are hybridized with the Ti 3d states. After the
radiative decay, the final state is of the type 2p63d0 and
corresponds to x-ray fluorescence. Here, a 3d valence
electron decays radiatively into the 2p core hole gener-
ated by the preceding photoexcitation of an electron into
continuum states above the Fermi level. The energy of
the fluorescent x-ray photon in such a transition is inde-
pendent of the excitation energy and the intensity reflects
essentially the occupied 3d1t2g density of states.
Taking both decay channels into account, the
intermediate state can be generally written as
α|2p53d2>+β|2p53d1L∗>, where the relative weight of
the Raman and fluorescence-like signal is given by |α|2
and |β|2 (with |α|2+|β|2=1), respectively, and essentially
determined by the hybridization strength of O 2p and
Ti 3d orbitals. Therefore, the observation of either
the Raman- or the fluorescence-like signal reflects the
electronic character of the intermediate states instead
of the itinerancy or localized character of the Ti 3d
electrons in the ground state.
Our observation and explanation of the two RIXS
features due to dd excitations and fluorescence are in
full agreement with the experimental RIXS studies on
BaTiO3 and BaSO4
29 as well as theoretical studies of
the cluster size effect on resonant x-ray emission spectra
by Ide and Kotani.36,37 If the cluster-size is small, the
excited electron is essentially localized. In larger clus-
ters, intermediate states can occur in which the excited
conduction electron is extended in space.
8V. SUMMARY
We have investigated LAO/STO heterostructures with
varying LAO overlayer thickness and oxygen vacancy
concentration by means of RIXS at the Ti-L edge. Al-
ready for the sample with a 3 uc thick film, i.e., below
the critical thickness for conductivity, we have observed
finite spectral weight, signalling that localized charge car-
riers are present in the ground state. This finding is in
line with the report on ferromagnetism which has been
ascribed to the local moments of trapped electrons. As
seen previously, we also have observed two types of con-
tributions to the RIXS spectra, namely due to dd exci-
tations and fluorescence. They behave differently upon
the variation of the excitation energy. A detailed analysis
for samples with different film thicknesses and oxygen va-
cancy concentrations in combination with the results of
HAXPES and transport experiments, reveals the physi-
cal meaning of these two contributions in contrast to pre-
vious claims. The appearance of fluorescence in addition
to Raman features reflects the probability for the excited
electron to escape from the Ti ion in the coherent RIXS
process. Thus the RIXS spectra provide information on
the intermediate state rather than the ground state prop-
erties. Furthermore, by comparing the total RIXS inten-
sity (sum of dd-excitations and fluorescence-like signal)
and the Ti3+/Ti4+ ratio obtained from HAXPES mea-
surements, we conclude that the total RIXS intensity re-
flects the total amount of charge carriers (localized and
delocalized) present in the system within experimental
accuracy.
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